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Abstract 
Information concerning TLR-mediated antigen recognition and regulation of immune re-
sponses during helminth infections is scarce. TLR2 is a key molecule required for innate 
immunity and is involved in the recognition of a wide range of viruses, bacteria, fungi and 
parasites. Here, we evaluated the role of TLR2 in a Taenia crassiceps cysticercosis model. We 
compared the course of T. crassiceps infection in C57BL/6 TLR2 knockout mice (TLR2
-/-) with 
that in wild type C57BL/6 (TLR2
+/+) mice. In addition, we assessed serum antibody and cy-
tokine profiles, splenic cellular responses and cytokine profiles and the recruitment of al-
ternatively activated macrophages (AAMs) to the site of the infection. Unlike wild type
 mice, 
TLR2
-/- mice failed to produce significant levels of inflammatory cytokines in either the serum 
or  the  spleen  during
 the  first  two  weeks  of  Taenia  infection.  TLR2
-/-  mice  developed
 a 
Th2-dominant immune response, whereas TLR2
+/+ mice developed a Th1-dominant
 immune 
response after Taenia infection. The insufficient
 production of inflammatory cytokines at early 
time points and the lack of Th1-dominant
 adaptive immunity in TLR2
-/- mice were associated 
with significantly elevated parasite burdens; in contrast, TLR2
+/+ mice were resistant to in-
fection. Furthermore, increased recruitment of AAMs expressing PD-L1, PD-L2, OX40L and 
mannose receptor was observed in TLR2
-/- mice. Collectively, these findings indicate that 
TLR2-dependent signaling pathways are involved in the recognition of T. crassiceps and in the 
subsequent activation of the innate immune system and production of inflammatory cytokines, 
which appear to be essential to limit infection during experimental cysticercosis. 
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Introduction 
Pathogen recognition receptors (PRRs) function 
to  rapidly  detect  pathogen  invasion  and  to  control 
innate immune activation leading to inflammation [1]. 
The  role  of  innate  immunity  against  bacteria  and 
protozoan  parasites  has  been  extensively  studied. 
Specialized PRRs such as Toll-like receptors (TLRs), 
nucleotide-binding  and  oligomerization  domain 
(NOD)-like receptors (NLRs), and some C-type lectin 
receptors (CLRs) recognize specific secreted or mem-
brane-bound components of pathogens called patho-
gen-associated molecular patterns (PAMPs). Recogni-
tion  of  PAMPs  induces  the  secretion  of  strong 
pro-inflammatory  cytokines  by  innate  cells  such  as 
dendritic cells (DCs), neutrophils and macrophages. 
These  cytokines  induce  the  classical  Th1  response 
observed  in  such  infections,  which  may  render  the 
host  resistant  [2].  In  contrast,  the  role  of  PRRs  and 
innate  immunity  in  the  response  to  helminth  infec-
tions is poorly understood. 
TLR2  is  involved  in  the  recognition  of  a  wide 
range of PAMPs derived from bacteria, fungi, para-
sites and viruses. The PAMPs recognized by TLR2 are 
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mainly lipoconjugates such as lipopeptides, lipopro-
teins,  glycolipids,  peptidoglycans,  lipoteichoic  acid, 
lipoarabinomannan,  zymosan  and  glycosylphospha-
tidylinositols  (GPIs)  from  Trypanosoma,  Leishmania, 
Toxoplasma, and Plasmodium [3-8]. Activation of DCs 
and macrophages by TLR2 ligands has been shown to 
induce both Th1 and Th2 responses, and the polariza-
tion of T cell responses appears to be related to the 
ligand and to the interaction of TLR2 with other TLRs 
[9-11]. TLR2 forms heterodimers with TLR1 or TLR6. 
The  TLR2-TLR1  heterodimer  recognizes  triacylated 
lipopeptides from Gram-negative bacteria and myco-
plasma, whereas the TLR2-TLR6 heterodimer recog-
nizes  diacylated  lipopeptides  from  Gram-positive 
bacteria  and  mycoplasma  [12,  13].    In  contrast,  alt-
hough helminths are rich in lipopeptides, glycolipids 
and  phospholipids,  the  TLR  ligands  expressed  by 
helminth  parasites  remain  unknown.  For  example, 
Schistosoma  mansoni,  Taenia  solium  and  Echinococcus 
granulosus [14-19] have been reported to contain such 
type of molecules, but their role in the immunobiol-
ogy of such parasites are largely unknown.  
Alternative activation of macrophages was first 
proposed in the early 1990s when Gordon described a 
novel activation status of macrophages that depended 
on interleukin (IL)-4, the signature cytokine of the Th2 
arm of the immune response [20]. Thereafter, studies 
of alternatively activated macrophages (AAMs) have 
focused on helminthic experimental models, as these 
parasites are strong inducers of Th2 responses.  These 
studies  have  suggested  that  AAMs  play  divergent 
roles  during  responses  to  different  helminths.  For 
example,  the  intestinal  nematodes  Heligmosomoides 
bakeri  and  Nippostrongylus  brasiliensis  could  not  be 
expelled in the absence of AAMs, demonstrating an 
effector role for AAMs in the response to these para-
sites, reviewed in [21]. In contrast, a recent study has 
demonstrated that upon infection with Trichuris mu-
ris,  mice  with  arginase-deficient  macrophages  pre-
sented a course of infection similar to that observed in 
wild type mice [22]. Furthermore, during Schistosoma 
mansoni  infection,  AAMs  did  not  alter  parasite 
numbers;  however,  increased  immunopathology 
characterized by egg deposition-induced granulomas 
of the liver was observed in the absence of AAMs 
[23].  
We have previously demonstrated that AAMs 
with in vitro suppressive capacity infiltrate the peri-
toneal cavity and facilitate Taenia crassiceps infection 
[24].  In  contrast  to  observations  in  other  helminth 
models,  we  found  that  an  early  recruitment  of  this 
population was necessary for the progress of this in-
fection [25]. 
In  addition,  T.  crassiceps  has  proven  a  useful 
model to study immunobiological factors associated 
with  resistance  and  susceptibility  to  cysticercosis 
[26-28]. Furthermore, T. crassiceps shares many anti-
gens with the natural parasite causing cysticercosis, T. 
solium [29, 30]. Some of these shared molecules are of 
lipid origin [31].  
Schistosome-derived products have been shown 
to bind TLRs  on APCs;  specifically, TLR2 has been 
shown to recognize schistosome PAMPs in both hu-
man and mice [32, 33]. Recently, TLR2 and/or TLR3 
have been shown to recognize lipid fractions derived 
from  S.  mansoni,  driving  monocyte-derived  DCs  to 
induce  Th2-skewed  responses  [34].  This  effect  is 
largely  mediated  through  the  downregulation  of 
pro-inflammatory/Th1-associated  cytokines  in  li-
pid-stimulated  DCs.  Although  these  observations 
suggest  that  TLR2  mediates  Th2  responses  during 
schistosomiasis, the role of this receptor in the sus-
ceptibility to other helminth infections is unknown.  
Here, we investigated the effect of the absence of 
TLR2  on  cytokine  production  and  AAMs  recruit-
ment and resistance during T. crassiceps infection. Our 
findings  demonstrate  that  the  loss  of  TLR2  reduces 
the  production  of  pro-inflammatory  cytokines,  re-
sulting in a Th2 bias and  significantly impaired re-
sistance to T. crassiceps infection.  
MATERIALS AND METHODS 
Mice, parasites and infection 
Six-  to  eight-week-old  female  TLR2-deficient 
(TLR2 -/-) and TLR2 wild type (TLR2 +/+) C57BL/6 
mice were maintained in FES-Iztacala, UNAM animal 
facilities  according  to  the  Faculty  Animal  Care  and 
Use Committee and government guidelines (official 
Mexican regulation NOM-062-ZOO-1999), which are 
in strict accordance with the recommendations in the 
Guide for the Care and Use of Laboratory Animals of 
the  National  Institutes  of  Health  of  the  USA.  The 
protocol was approved by the Committee on the Eth-
ics  of  Animal  Experiments  of  the  FES-Iztacala, 
UNAM. Mice were sacrificed using a CO2 chamber, 
and all efforts were made to minimize pain. 
Metacestodes  of  T.  crassiceps  were  harvested 
from  the  peritoneal  cavity  of  female  BALB/c  mice 
after 2 to 4 months of infection. The cysticerci were 
washed four times in sterile phosphate-buffered sa-
line (PBS) (0.15 M, pH 7.2). Because C57BL/6 mice are 
considered resistant to low doses (10 metacestodes) of 
T. crassiceps, we infected mice with 20 metacestodes to 
determine whether this resistant strain could be ren-
dered susceptible to this parasite. Experimental infec-
tion was achieved by intra-peritoneal (i.p.) injection Int. J. Biol. Sci. 2011, 7 
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with  20  small  (approx.  2  mm  in  diameter) 
non-budding cysticerci of T. crassiceps suspended in 
0.3 ml of PBS per mouse. 
Determination of parasite burden 
To measure parasite burden in the presence or 
absence of TLR2, mice were sacrificed at 2-week in-
tervals during the 8-week course of infection, and the 
peritoneal  cavities  were  extensively  washed  with 
sterile PBS. Parasites were harvested from the perito-
neum and counted in petri dishes. Data are presented 
as the mean number of parasites per mouse.  
Measurement of cytokines in serum (sandwich 
ELISA) 
At the indicated time points, blood was collected 
from tails of individual T. crassiceps-infected TLR2-/- 
and TLR2+/+ mice. The samples were not pooled. Sera 
were  stored  at  -70°C  until  used  for  cytokine  meas-
urement.  Kits  for  the  measurement  of  interleukin 
(IL)-4, IL-10, IL-12 and interferon (IFN)-gamma were 
purchased  from  Peprotech,  Mexico.  Assays  were 
performed following the manufacturer’s instructions. 
Quantification of specific anti-Taenia antibod-
ies (ELISA) 
In  order  to  determine  whether  the  cytokines 
worked  as  expected,  circulating  specific  antibodies 
anti-Taenia IgG2a and IgG1 isotypes were measured 
as  markers  of  Th1  and  Th2  responses,  respectively. 
Briefly,  96-well  Polysorp  plates  (Nunc,  Denmark) 
were coated with total soluble Taenia antigen (100 µl, 
10  µg/ml).  The  plates  were  blocked  with  200  µl  of 
blocking solution (PBS/BSA 1%) for 2 h at 37 oC and 
washed. The sera from the mice were serially diluted 
starting at a dilution factor of 1:50 and added to the 
plates. Next, the plates were incubated at 37ºC for 2 h, 
and serum antibodies were detected using biotinyl-
ated and HRP-conjugated rat anti-mouse IgG2a and 
IgG1  antibodies  (Zymed,  USA).  The  substrate 
(ABTS/H2O2 10%, 100 µl/well) was added, and plates 
were read at 405 nm in a plate reader (Termo Labsys-
tems). Data are presented as the optical density of the 
samples diluted 1:50.  
Splenocyte cultures 
Proliferation assays were performed on spleno-
cytes  obtained  from  T.  crassiceps-infected  mice  8 
weeks after infection. Briefly, single cell suspensions 
were prepared in RPMI 1640 supplemented with 10% 
fetal  bovine  serum,  100  U/ml  of  penicil-
lin-streptomycin,  2  mM  glutamine,  25  mM  HEPES 
buffer, and 1% non- essential amino acids (complete 
medium) (all from GIBCO BRL, Grand Island, N.Y.). 
The  erythrocytes  were  lysed,  and  viable  cells  were 
adjusted to 3 X 106 cells/ml. The cell suspension (100 
µl/well)  was  placed  into  96-well  flat-bottomed  cul-
ture  plates  (Costar,  Cambridge,  Mass.),  stimulated 
with TcAg (50 µg/ml) in a total volume of 200 µl, and 
incubated at 37°C for 96 h. Eighteen hours prior to 
culture  termination,  0.5  µCi  of  [3H]-thymidine  (185 
GBq/mmol) (Amersham, Buckinghamshire, England) 
was added to each well. The cells were harvested, and 
thymidine  uptake  was  measured  with  a  Microbeta 
plate  counter  (Wallac,  Turku,  Finland).  Values  are 
expressed  as  mean  counts  per  minute  for  triplicate 
wells. Additionally, the supernatants from these cul-
tures were analyzed for IFN-γ, IL-4, IL-10 and IL-12 
production by ELISA (Peprotech, Mexico). 
RT-PCR of adherent peritoneal cells 
TLR2  wild  type  mice  and  TLR2-deficient  mice 
were sacrificed at different times after infection. Peri-
toneal exudate cells (PECs) were obtained by perito-
neal lavage with 10 ml of ice-cold sterile saline solu-
tion (Pisa, Mexico). PECs were washed twice, and red 
blood cells were lysed by hypotonic shock with am-
monium chloride. Following two washes, viable cells 
(trypan  blue  exclusion  routinely  over  95%)  were 
counted  and  adjusted  to  5x106  cells/ml  in  RPMI 
(Gibco BRL) supplemented with 10% FCS, 100 U/ml 
of penicillin/streptomycin, 2 mM glutamine, 25 mM 
HEPES buffer, and 1% non-essential amino acids (all 
from GIBCO, BRL Grand Island, NY) and cultured in 
six-well plates (Costar, Cambridge, MA, USA). After 2 
h of culture at 37ºC and 5% CO2, non-adherent cells 
were removed by vigorous washing with warm sup-
plemented RPMI medium. Adherent cells were lysed 
with TRIzol reagent (Invitrogen, USA), and total RNA 
was  extracted  using  the  chloroform-isopropanol 
technique. Next, 5 µg of RNA was reverse transcribed 
to prepare cDNA using the first strand synthesis su-
perscript II kit (Invitrogen, USA). cDNA samples were 
standardized based on the content of GAPDH cDNA. 
PCR was performed in a total volume of 50 µl in PCR 
buffer in the presence of 0.2 M dNTP, 0.2 mM of each 
primer, and 2.5 U of Platinum Taq DNA polymerase 
(Invitrogen,  CA,  USA)  using  a  Palmcycler  (Corbett 
Research, Australia). After 35 cycles of amplification, 
the PCR products were separated by electrophoresis 
on a 1.5% agarose gel and visualized by Sybr Green 
staining. Sequences and conditions for PCR of Resis-
tin like molecule alpha (RELM), chitinase Ym1 and 
arginase-1 were previously reported [35]. 
Flow cytometry of total peritoneal exudate 
cells (PECs)  
The  expression  of  membrane  markers  on  total Int. J. Biol. Sci. 2011, 7 
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peritoneal cells was analyzed by flow cytometry. To-
tal PECs were blocked with an anti-mouse FcγR an-
tibody (CD16/CD32) for 15 min and stained for an 
additional  30  min  with  an  allophycocyanin 
(APC)-conjugated  monoclonal  antibody  specific  for 
mouse  F4/80,  phycoerythrin  (PE)-conjugated  anti-
bodies specific for PDL1, PDL2, or OX40L, or a fluo-
rescein  isothiocyanate  (FITC)-conjugated  antibody 
specific  for  MMR  in  FACS  buffer  (PBS  containing 
0.5% FBS and 0.1% NaN3). All antibodies were pur-
chased from Biolegend (San Diego, CA USA). Stained 
cells  were  analyzed  using  a  FACSCalibur  flow  cy-
tometer and Cell Quest software (Becton Dickinson). 
Live cells were electronically gated using forward and 
side scatter parameters. 
Statistical analysis 
The TLR2+/+ and TLR2-/- groups considered in 
this  study  were  compared  using  the  Student’s  un-
paired t-test. A P value < 0.05 was considered signifi-
cant.  
Results 
The  absence  of  TLR2  favors  Taenia  crassiceps 
infection. TLR2 is one of the most studied receptors in 
the context of infections with pathogens ranging from 
virus to fungi [36, 37], but the mechanisms underlying 
TLR-mediated antigen recognition and regulation of 
immune responses and the role of TLR2 in helminth 
parasitic diseases are not completely understood. The 
purpose  of  this  study  was  to  determine  the  role  of 
TLR2-mediated  signaling  in  the  outcome  of  murine 
cysticercosis caused by the extra-intestinal helminth 
T. crassiceps. To address this question, we compared 
the course of T. crassiceps infection in TLR2-/- C57BL/6 
mice  (TLR2-/-)  with  that  in  wild  type  C57BL/6 
(TLR2+/+) mice. In addition, we assessed serum anti-
body and cytokine profiles, splenic cellular responses 
and cytokine profiles and the recruitment of AAMs 
to the site of infection.   
Age-matched TLR2+/+ and TLR2-/- female mice 
were i.p. infected with 20 cysticerci, and the infections 
were followed for 8 weeks. Both strains of mice dis-
played  a  slow  but    progressive  increase  in  parasite 
numbers in their peritoneal cavities, with comparable 
parasite burdens 2 and 4 weeks post-infection (Fig. 1). 
Interestingly,  as  the  infection  progressed,  parasite 
burdens  were  significantly  higher  in  TLR2-/-  mice 
than in TLR2+/+ mice, which successfully controlled 
the infection by week 6 post-infection (Fig. 1; p<0.01). 
Thus, at week 8 post-infection, TLR2-/- mice were sig-
nificantly more susceptible to experimental cysticer-
cosis. 
 
 
Figure  1. TLR2
-/- C57BL/6 mice are unable to efficiently 
control  Taenia crassiceps  infection.  The  course  of  i.p.  T. 
crassiceps infection in TLR2
-/- and TLR2
+/+ mice following 
infection with 20 cysticerci. Data are expressed as means ± 
SE of data from 4-6 mice per group. *P < 0.05 and **P < 0.01 
when comparing TLR2
-/- mice to TLR2
+/+ mice at the same 
time point of infection. Similar results were observed in two 
independent experiments. 
 
TLR2 deficiency modifies the antibody response 
to  T.  crassiceps.  Next,  we  measured  the  levels  of 
Th1-associated IgG2a and Th2-associated IgG1 anti-
bodies in TLR2-/- and TLR2+/+ mice at different time 
points following infection with T. crassiceps. Whereas 
both  strains  displayed  similar  production  of  an-
ti-Taenia-specific IgG2a during the course of infection 
(Fig. 2A), the anti-Taenia specific IgG1 response was 
quite  different.  At  weeks  2  and  4  post-infection,  T. 
crassiceps-infected TLR2+/+ and TLR2-/- mice displayed 
comparable  titers  of  anti-Taenia-specific 
Th2-associated IgG1, but as infection progressed, an-
ti-Taenia-specific IgG1 levels were significantly higher 
in  TLR2-/-  mice.  The  most  significant  difference  be-
tween  TLR2-/-  and  TLR2+/+  mice  was  observed  at 
week 8 p.i. (Fig. 2B). These observations support the 
findings of previous studies that demonstrated that T. 
crassiceps-susceptible mouse strains showed increased 
production of IgG1 [38, 39]. 
TLR2-/- mice display overproduction of Th2 cy-
tokines in response to T. crassiceps infection. To in-
vestigate  the  potential  involvement  of  TLR2  in  the 
acquired  immune  response  following  T.  crassiceps 
infection,  splenocytes  were  stimulated  with  T. cras-
siceps soluble antigen (TcAg) and Con A. The spleen 
cells from  T. crassiceps-infected TLR2+/+ and TLR2-/- 
mice displayed different patterns of proliferative re-
sponses  following  in  vitro  stimulation  with  T.  cras-
siceps  antigen.  During  the  early  phase  of  infection, 
TcAg-stimulated splenocytes from TLR2+/+ mice dis-
played  significantly  higher  proliferative  responses 
than  those  from  TLR2-/-  mice,  and  TLR2+/+  spleno-
cytes displayed significantly stronger responses dur-
ing chronic infection (Fig. 3A, p<0.05).  Int. J. Biol. Sci. 2011, 7 
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Figure 2. Kinetics of antibody production during T. crassiceps infection in TLR2
-/- (closed squares) and TLR2
+/+ (open 
squares) mice. A) Anti-T. crassiceps IgG2a. B) Anti-T. crassiceps IgG1. Sera were obtained from the tail vein of each mouse at 
the indicated time points. ELISA plates were coated with 0.5 g/well of T. crassiceps cysticerci soluble extract. Data are 
presented as means ± SE (n= 4 animals) and are representative of two independent experiments. *P < 0.05 when comparing 
TLR2
-/- mice to TLR2
+/+ mice at the same time point. 
 
 
 
Figure 3. Cell proliferation and Th1-/Th2-related cytokine production in infected TLR2
-/- and wild-type mice. A) Prolif-
erative responses were assessed by measuring 
3H-thymidine incorporation in splenocytes stimulated with soluble Taenia 
crassiceps antigen (TcAg) and Concanavalin A (ConA) at different time points post-infection. Splenocytes from mice infected 
with Taenia crassiceps for 8 weeks were stimulated with TcAg or ConA in vitro. Production of (B) IL-12, (C) IL-4 and (D) 
IFN- was quantified by ELISA. Data are expressed as means ± SEM and are representative of two independent experiments 
with similar results. *P < 0.05 and **P < 0.01. n= 4-6 mice per group. TLR, Toll-like receptor. 
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Next, supernatants from the same cell cultures 
were  evaluated  for  both  antigen-specific  and 
Con-A-induced  cytokine  production.  At  week  8 
post-infection,  TcAg-stimulated  splenocytes  from 
TLR2+/+ mice produced significantly higher levels of 
Th1-associated IL-12 in response to Con-A than those 
from  TLR2-/-  mice  (Fig.  3B).  In  contrast, 
TcAg-stimulated splenocytes from TLR2-/- mice pro-
duced  significantly  more  IL-4  than  those  from 
TLR2+/+ mice; similar results were observed when the 
cells  were  stimulated  with  Con-A  (Fig.  3C).  These 
findings  demonstrate  the  ability  of  TLR2-/-  mice  to 
maintain a sustained Th2-type response. In contrast, 
both  strains  displayed  comparable  antigen-specific 
IFN- responses (Fig. 3D). 
Enhanced systemic Th2 cytokine production in 
TLR2-/- mice. To address the impact of the absence of 
TLR2  on  the  regulation  of  cytokine  production,  we 
analyzed circulating cytokine levels as a measure of 
the general status of the immune response. IFN- lev-
els in sera were initially higher in TLR2-/- mice, but as 
the infection progressed, similar levels of IFN- were 
detected  in  both  mouse  strains  (Fig.  4A).  In  sharp 
contrast, T. crassiceps-infected TLR2-/- mice produced 
higher levels of IL-4 than their TLR2+/+ counterparts 
even at the earliest point time assayed (Fig. 4B). This 
finding suggests a possible Th2 cytokine imbalance, 
which has been shown to be permissive for T. cras-
siceps  growth  [26].  In  addition,  IL-10  production 
peaked at an early time point in the TLR2-/- group, 
and by 6 weeks p.i., less IL-10 was detected in TLR2-/- 
mice than in TLR2+/+ mice; however, by the end of the 
infection,  IL-10  levels  were  similar  in  both  mouse 
strains (Fig. 4C). As previously observed in cell cul-
ture, IL-12 production was highly dependent on TLR2 
signaling,  as  the  absence  of  TLR2  resulted  in  de-
creased levels of IL-12 at 2 and 6 weeks after infection 
(Fig.  4D).  Together,  these  data  demonstrate  that  an 
increased parasite burden is associated with elevated 
levels of Th2 cytokines. 
 
 
Figure 4. Systemic Th2-biased responses in TLR2
-/- mice infected with Taenia crassiceps metacestodes. The kinetics of 
cytokine production after infection with 20 metacestodes was assessed by measuring (A) IFN- detection in sera. (B) TLR2
-/- 
mice displayed increased IL-4 levels as the infection progressed; (C) IL-10 and (D) IL-12 levels in sera were inconsistent. The 
data shown are representative of two independent experiments, with four mice per group. The error bars indicate standard 
deviations. *P < 0.05 and **P < 0.01. n= 4-6 mice per group. TLR, Toll-like receptor. 
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Increased recruitment of AAMs to the perito-
neal  cavity  following  T.  crassiceps  infection  in 
TLR2-/- mice.  We previously reported that T. crassiceps 
infection results in the recruitment of a large popula-
tion of (AAMs) with suppressive capacity [40, 41]. 
Here, we examined the effect of TLR2 deficiency on 
macrophage  polarization.  First,  we  performed 
RT-PCR to detect the expression of genes associated 
with suppressive AAMs, such as Relm-, Ym-1, Ar-
ginase-1,  PDL1  and  PDL2,  at  different  time  points 
during the 8-week infection. We found that in addi-
tion  to  the  low  levels  of  parasite  proliferation  ob-
served  in  TLR2+/+  mice,  the  expression  of  these 
markers did  not increase in TLR2+/+ adherent mac-
rophages (Fig. 5). In contrast, as the time of infection 
advanced, the expression of AAM markers progres-
sively  increased  in  macrophages  obtained  from 
TLR2-/-  animals,  and  Relm-  Arginase-1  and  PDL1 
were the first markers that appeared at week 6 of in-
fection. Analysis at 8 weeks of infection showed that 
macrophages from TLR2-/- mice expressed all of the 
markers  associated  with  alternative  activation 
(Relm-+, Ym-1+, Arginase-1+, PDL1+, PDL2+, iNOS-), 
suggesting an increase in the recruitment of AAMs 
in the absence of TLR2 and an important role for TLR2 
in macrophage polarization (Fig. 5).  
In addition to RT-PCR, peritoneal macrophages 
were assessed by flow cytometry to confirm the sur-
face expression of the molecules associated with al-
ternative activation. Figure 6A shows representative 
dot plots and the analysis of F4/80+MR+ cells in the 
peritoneal cavities of both groups of mice. Compara-
ble  percentages  of  these  cells  were  observed  2  wk 
post-infection  in  both  TLR2+/+  and  TLR2-/-  mice; 
however, during the chronic phase of infection (6 to 8 
weeks), up to 58% of the F4/80+ cells recovered from 
TLR2-/-  mice  expressed  MR,  whereas  only  21%  of 
F4/80+  cells  from  TLR2+/+  mice  expressed  MR. 
Moreover, flow cytometry analysis of PDL1 and PDL2 
expression on F4/80+ cells demonstrated similar pat-
terns of expression, with more than double the num-
ber of TLR2-/- macrophages expressing each marker 6 
and  8  weeks  after  infection  (Fig.  6B-C).  Together, 
these results confirm that the hallmarks of alternative 
activation  were  more  prevalent  in  TLR2-/-  macro-
phages  than  in  macrophages  with  intact  TLR2  sig-
naling. Finally, we analyzed the expression of OX40L, 
which is a co-stimulatory molecule involved in Th2 
polarization; we found that TLR2-/- macrophages also 
over expressed OX40L on their surface (Fig. 6D), and 
50%  fewer  F4/80+OX40L+  macrophages  were  ob-
served  in  TLR2+/+  mice.  Hence,  using  multiple  ap-
proaches, we have demonstrated that TLR2 deficiency 
causes  sustained  alternative  activation  in  macro-
phages,  potentially  supporting  T.  crassiceps  estab-
lishment. 
 
 
 
 
Figure 5. Taenia crassiceps infection induces peritoneal recruitment of AAMʦs after 8 weeks of infection in TLR2
-/- mice.  
RT-PCR analysis of adherent peritoneal macrophages recovered from animals infected with 20 metacestodes 0, 4, 6 and 8 
weeks p.i. Increased expression of genes associated with AAMʦs, such as Arginase1, RELM-ʱ, Ym1, PD-L1 and PD-L2, was 
detected only in TLR2
-/- T. crassiceps-infected mice. The data shown are representative of two independent experiments with 
four mice per group. 
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Figure 6. Taenia crassiceps infection induces peritoneal recruitment of AAMʦs after 8 weeks of infection only in TLR2
-/- 
mice. Flow cytometric analysis of peritoneal exudate cells recovered from animals infected with 20 metacestodes 8 weeks 
p.i. (A) Surface expression of F4/80 and MMR (CD206). (B) Surface expression of F4/80 and PDL-1, (C) F4/80 and PDL-2 and 
(D) F4/80 and OX40L.  The dot plots represent four mice per group, and the data are representative of two independent 
experiments. Int. J. Biol. Sci. 2011, 7 
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Discussion 
Innate  immune  receptors,  including  TLR2  and 
CLRs,  play  important  roles  in  the  establishment  of 
innate responses to infection and provide signals to 
initiate and shape the adaptive immune response [1]. 
Similar  to  other  helminth  infections,  the  innate 
mechanisms that initiate or contribute to the im-
mune  response  against  cysticercosis  are  largely 
unknown; however, toll-like receptors (TLRs) ap-
pear to be important in recognizing these parasites 
[32, 42]. The involvement of TLRs in experimental or 
natural cysticercosis has begun to be elucidated in 
laboratory models. For example, an increase in the 
expression  of  several  TLRs,  such  as  TLR4  and 
TLR2, has been observed in murine NCC caused by 
Mesocestoides corti. This increase in TLR expression 
may  be  related  to  resistance,  given  that 
MyD88-deficient mice are susceptible to NCC [43, 
44].  Fewer studies have addressed these questions 
in humans, but a recent study of NCC patients and 
healthy  controls demonstrated  an association  be-
tween a TLR4 polymorphism and an increased risk 
of  NCC,  as  subjects  with  a  TLR4  (Asp299Gly  or 
Thr399Ile) polymorphism were more susceptible to 
NCC than control subjects [45]. Moreover, among 
patients  with  NCC,  the  presence  of  both 
Asp299Gly and Thr399Ile polymorphisms was as-
sociated  with  increased  severity  of  NCC.  In  the 
present  study,  we  demonstrated  that  TLR2  contrib-
utes to resistance to T. crassiceps infection by regulat-
ing type 2 immune responses, including the produc-
tion of antigen-specific IgG1 and IL-4, and by control-
ling AAM recruitment. All of these immunological 
elements have been associated with susceptibility to 
T. crassiceps cysticercosis [35, 38, 46].  Moreover, our 
findings  suggest,  for  the  first  time,  that 
TLR2-mediated signaling is critically required to con-
trol parasite growth in cysticercosis, in particular, and 
in helminth infection, in general. Variations in TLRs 
may  thus  result  in  altered  or  defective 
TLR-mediated  signaling  that,  in  turn,  may  ade-
quately  direct  the  immune  response  against  this 
parasite.  
In  addition  to  AAMs,  other  regulatory  sub-
populations  have  also  been  described  in  helminth 
infections, such as Foxp3+ regulatory T cells. In our T. 
crassiceps experimental model, we did not detect this T 
cell  population  in  the  spleen  or  mesenteric  lymph 
nodes of heavily parasitized C57BL/6 mice at least at 
8 weeks after infection; however, we cannot rule out 
the presence of Foxp3+ T cells in T. crassiceps infection 
at earlier times of infection or in the peritoneal cavity 
where this cestode resides. Further studies are thus 
necessary to determine whether the absence of TLR2 
affects the regulatory T cell population. 
Previous  studies  have  demonstrated  that 
TLR2-mediated signaling favors the development of 
protective  immunity  against  intracellular  parasites 
such as L. mexicana, T. gondii and T. cruzi by favoring 
Th1 development and inflammatory responses [5-7]. 
During infections with these organisms, TLR2 recog-
nized GPIs, resulting in a pro-inflammatory response 
associated with the clearance of these protozoa. Hel-
minths  also  express  lipid  conjugates  either  on  their 
surface or as secreted or excreted products. For ex-
ample, adult worms and eggs from S. mansoni express 
lipids including lysophosphatidylcholine, which has 
been reported to be sensed by TLR2. This interaction 
is associated with eosinophil recruitment and activa-
tion; however, in clear contrast with our data, the ab-
sence of TLR2 reduced the production of Th2-related 
cytokines and increased the survival rates of experi-
mental schistosomiasis [17]. Interestingly, TLR2 seems 
to play a similar role during S. japonicum infection, as 
the number of eggs in the liver, which is directly as-
sociated with the pathology of this infection, was re-
duced in TLR2-/- mice [47].  
Furthermore, previous studies have showed that 
T. crassiceps  carbohydrates  may  interact  with  TLR4, 
resulting  in  production  of  inflammatory  cytokines 
such as IL-6 [48]. Our data suggest that the recogni-
tion of lipid molecules through TLR2  might trigger 
different  signaling  events,  as  circulating  IL-6  levels 
were  increased  in  TLR2-/-  mice  only  during  the 
chronic phase of infection (8 wks) and as the levels of 
IL-6 did not decrease as expected. In contrast, mole-
cules derived from T. solium did not require TLR2 or 
TLR4  to  induce  chemokine  production  in  human 
lymphocytes [49]. 
Expression  of  different  kind  of  lipids,  such  as 
neutral  lipids  (63.9%),  glycolipids  (6.2%)  and  phos-
pholipids (29.9%), has also been reported in the ces-
todes T. solium and T. crassiceps [31], but the role of 
these  lipids  as  PAMPs  has  not  been  yet  evaluated. 
Interestingly,  both  T.  solium  and  T.  crassiceps 
metacestodes  expressed  the  glycolipid  GSL-1;  this 
glycolipid is similar in both species and appears to be 
the  major  lipid  expressed  in  these  parasites.  Im-
portantly,  T.  crassiceps  metacestodes  also  express 
lysophosphatidylcholine  [50],  the  same  molecule 
shown to be recognized by TLR2 in schistosomiasis 
[17]. These data suggest that the host may use a simi-
lar mechanism to sense two different helminths, but 
the outcome of recognition of these parasites may be 
different. In schistosomiasis, the absence of TLR2 ap-
pears to ameliorate the pathology and increase host 
survival [17, 34], whereas in experimental cysticerco-Int. J. Biol. Sci. 2011, 7 
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sis,  TLR2  seems  to  play  a  very  different  role,  as 
TLR2-/- mice were highly susceptible to this infection 
and were unable to stop parasite growth. The dispar-
ate outcomes of these two helminth infections in the 
absence of TLR2 may be related to the ability of TLR2 
to form heterodimers with both TLR1 and TLR6 [2]. 
Parasite  recognition  by  TLR2/1  heterodimers  or  by 
TLR2/6 heterodimers likely results in the activation of 
different  signaling  pathways,  raising  the  interesting 
question of which heterodimer functions in each in-
fection.    Taken  together,  these  studies  suggest  that 
hosts may use similar mechanisms to sense helminths 
and that lysophosphatidylcholine may be one of the 
first helminth-associated PAMPs for which a putative 
receptor  has  been  identified  (TLR2).  Further  assays 
with  purified  molecules  from  both  T. solium and T. 
crassiceps are necessary to confirm this hypothesis in 
cysticercosis. 
In conclusion, our findings demonstrate, for the 
first  time,  that  TLR2-dependent  pathways  are  in-
volved  and  play  an  important  immunomodulatory 
role in resistance to experimental cysticercosis caused 
by T. crassiceps.  
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